ABSTRACT. During processing, the storage requires attention, since the moisture content is a major factor that influences the quality of raw materials and manufactured products. Equilibrium isotherm represents the relationship between the material moisture content and water activity for a given temperature, providing important information for use in industrial operations such as drying and storage. This study aimed to determine the equilibrium isotherms of peppers variety bico (Capsicum chinense Jacq.) in whole and paste forms, calculate the isosteric heat of desorption and determine its behavior. To this end, we used six mathematical models to fit experimental data of desorption isotherms. The GAB model fitted well the experimental desorption data of pepper variety bico, in paste and whole forms. The isosteric heat obtained for the whole form was higher than for the paste form.
Introduction
Peppers are used as food plants, which produce the spicy/heating sensation due to its chemical components, able to stimulate the taste buds in the mouth. There are basically two genera of popular peppers, Piper and Capsicum (BONTEMPO, 2007) . The genus Piper is represented by seeds of plants of the family Piperaceae, the black pepper (Piper nigrum L.) is the most common. The genus Capsicum belongs to the family Solanaceae and includes about 20-30 species, and according to Medina et al. (2006) in this genus stand out the species Capsicum annuum L., Capsicum frutescens L., Capsicum chinense Jacq., Capsicum pubescens L. and Capsicum baccatum L.
The species Capsicum chinense Jacq. is characterized by producing fruit ranging from 1.0 to 13.0 cm long, with spherical to elongated shape and having assorted colors, for example, orange, yellow, red or brown (SMITH; HEISER, 1957) . This species has, on average, a fairly simple composition, containing 80-85% water and the remaining 20-15% is composed of protein, carbohydrate, fat and minerals (TBCA-USP, 2011) .
Cultivation of peppers occurs in virtually all regions of the country and is one of the best examples of family farming and small farmeragribusiness integration. Besides the domestic market, part of the Brazilian pepper is exported in different forms, such as paprika, paste, canned and Acta Scientiarum. Technology Maringá, v. 37, n. 1, p. 123-131, Jan.-Mar., 2015 dried plants (EMBRAPA, 2010; REIFSCHNEIDER, 2000) . Most foods, as well as peppers, contain about 80% water and are therefore highly perishable. To minimize losses it is important to know the water content curves of the product, expressed as weight of water per unit mass of dry food vs. its water activity (a w ) at a given temperature. Such curves are called sorption isotherms. The plots of sorption isotherms provides information relevant to hydration and dehydration/drying processing of food, and also can be used to assess and monitor the stability of food products during storage (BOBBIO; BOBBIO, 2001; DAMODARAN et al., 2010) . The energy required to remove a specific volume of water bound to a material is higher than that used to vaporize an equal amount of free water under the same conditions of temperature and pressure, the difference in energy is called as isosteric heat of sorption, which is considered an indicator of the intermolecular attractive forces between the sorption sites and water vapor. Knowledge of the isosteric heat as a function of equilibrium moisture content is essential in studies of drying and storage of agricultural products (GHODAKE et al., 2007; WANG; BRENNAN, 1991) . The sorption characteristics, such as the isosteric heat, can be altered or affected by different factors related to processing and transformation of raw material, including the shape and temperature of the product.
The major interest of the food industry in products made from pepper has driven the research related to methods of processing and preservation LANNES et al., 2007) . In the last decade the study of pepper varieties gained the attention of many research groups and industries interested in getting high quality products. However, there have been a limited number of studies published in the literature, as the above mentioned review. Thus, it becomes of great interest to study the sorption isotherms of pepper Capsicum chinense Jacq. variety bico/biquinho.
Given the importance of understanding the hygroscopic behavior of products with high moisture content, as in the case of peppers, this work examined the influence of shape on the sorption isotherms of the pepper variety 'bico/biquinho' (Capsicum chinense Jacq .) as well as to calculate and determine the isosteric heat of sorption.
Material and methods
This study was conducted at the Laboratory of Agroindustrial Engineering and Processing, belonging to the Technology Center of Mato Grosso (CTMAT), State University of Mato Grosso/Campus Deputado Estadual Renê Barbour (UNEMAT) in Barra do Bugres, Mato Grosso State.
The raw material used was the pepper variety 'bico' (Capsicum chinense Jacq.) produced and marketed in the midnorth region of Mato Grosso State, where is located the municipality of Barra do Bugres.
Peppers were selected and cleaned by immersion in a solution of 100 mL L -1 sodium hypochlorite for 20 minutes and washed in tap water to remove the excess of sanitizing solution. Subsequently they were immersed in 15% sodium benzoate for 30 minutes, in order to retain the characteristics of the raw material during the experiment by preventing the action of microorganisms (PAGLARINI et al., 2013) .
In order to determine the influence of the processing on the isotherms, the raw material was prepared in two ways, paste form and whole fruit; the paste form was produced with the aid of a Philips Walita food processor RI 7743. Next, three samples of each form was separated, each one weighing 5 g, to determine the initial moisture content by the direct drying method in oven at 105°C for 3 hours, according to the methodology of the Instituto Adolfo Lutz (IAL, 2005) . Finally, the samples, paste and whole fruit, were packed in low density polyethylene under refrigeration until the time of use in the experiments, with a maximum storage period of about 2 weeks.
After these treatments, samples were weighed to a value of approximately 3 g, and placed in triplicate on small plastic containers of approximately 3 cm in diameter and 2 cm in height, which were put on plastic tripods, with a height approximately 5 cm, in sealed glass containers, with a size of approximately 8 cm in diameter and 13 cm height, to which was added 200 mL sulfuric acid (H 2 SO 4 ), at concentrations that guaranteed constant relative humidity; it is thus the static gravimetric method.
The experimental design was completely randomized in a factorial 2 x 4 x 11, with two levels of form, four temperature levels (20, 30, 40 and Acta Scientiarum. Technology Maringá, v. 37, n. 1, p. 123-131, Jan.-Mar., 2015 50°C) and eleven levels of sulfuric acid concentration (20, 25, 30, 35, 40, 45, 50, 55, 60, 65 and 70%) , each one carried out in triplicate. The water activity (a w ) on the basis of temperatures and acid concentrations were obtained according to Perry and Chilton (1983) . Glass containers remained in the incubator until reaching constant mass. To this end, the samples were weighed periodically on an OHAUS electronic balance, model Adventurer Pro (AV264CP) accurate to 0.001 g, to determine whether the samples have reached such a condition of equilibrium, in other words, when there was no variation in its mass between two consecutive weighings. The first weighing was done after seven days, the second and third at days ten and fourteen, but not all experiments reached constant weight within fourteen days of observation, requiring new weighing every three days until reaching equilibrium.
After achieved the equilibrium conditions, samples were subjected to direct drying method according to the methodology of the Instituto Adolfo Lutz (IAL, 2005) . Subsequently, the mathematical models in Table 1 were fitted to the experimental data by nonlinear regression analysis. The experimental data were compared with calculated values by mathematical models, analyzing the coefficients of determination (R 2 ) and the estimated average error (SE), according to the equation 7, to determine which model best fits the results.
where: Y -experimentally observed value, Y 0 -value calculated by the model; GLR -degrees of freedom of the model. To calculate the isosteric heat (QST) a linear regression of data was run between the natural logarithm of water activity and the reciprocal of temperature at different equilibrium moisture content, and then the Clausius-Clapeyron equation (equation 8) was applied to it.
where in: Q ST -isosteric heat (kJ kg 
where: A, B and C = model parameter setting. Tables 2 and 3 show the experimental values for the desorption isotherms of 'bico' pepper, in paste and whole forms, subjected to environmental conditions in acid solutions ranging from 4.3 to 88.8% and temperature of 20, 30, 40 and 50°C. The equilibrium moisture in desorption isotherms of paste pepper ranged from 0.386 to 0.070, at water activities of 0.878 and 0.055 and at temperatures of 20 and 50°C, respectively, while the equilibrium moisture for the whole pepper form ranged from 0.735 to 0.096 as shown in Table 3 and  Table 2 , respectively. The equilibrium moisture content decreases, in both forms studied, with increasing temperature at different water activities. This phenomenon occurs because the increase in temperature causes the rise of the kinetic energy associated with water molecules from the product, resulting in reduced forces of attraction, and consequently a release of water molecules as vapor. Similar behavior was observed by several authors (GAZOR; CHAJI, 2010; MOREIRA et al., , 2010a ROSA et al., 2010) .
Results and discussion
From these data, we generated curves of equilibrium of sorption isotherms, which showed sigmoidal shapes, according to Figure 1 , characteristic of fibrous materials with high initial moisture content, which is the case of 'bico' pepper, with water contents ranging from 80 to 85%. The same result was observed by Kaleemullah and Kailappan (2004) , Vega-Gálvez et al. (2007) and Yazdani et al. (2006) , with isotherms of chili pepper, red bell pepper (var. Lamuyo) and pistachio nuts, respectively.
The mathematical modeling of the isotherms of pepper in whole and paste forms was performed by nonlinear regression of the models presented in Table 1 . Table 4 lists the values of correlation coefficients (R²) and the estimated average error (SE) for each model, temperatures and pepper forms used in this study.
The values of the correlation coefficient (R²) and the average error estimate (SE), calculated for each model indicated that the mathematical model of Guggeheim, Anderson and de Boer (GAB) showed the best fit to the experimental data, satisfactorily representing the phenomenon of desorption, as can be seen in Figure 2 . According to Ribeiro and Seravalli (2004) this model is used to predict equilibrium isotherms of biological materials with high water content. A similar result was found by Kaymak-Ertekin and Sultanoglu (2001) who verified that the GAB model accurately described the isotherms of bell pepper in an environment containing salt solutions, and also verified the inverse relationship between the temperatures studied and the equilibrium moisture content of samples in addition to the direct proportionality between the equilibrium moisture content of food and water activity. Vega- Gálvez et al. (2007) analyzed the sorption isotherms of bell pepper at temperatures of 10, 20 and 30°C in a range of water activity from 0.10 to 0.96 and also found that temperature directly influences the equilibrium moisture of the desorption isotherms, and in addition they noticed the direct proportionality between the equilibrium moisture content and water activity.
In general, the equilibrium moisture content decreases to a given value of water activity at a given temperature for both the whole and the paste forms of pepper. Such behavior is evident for the pepper paste in the range of water activity from 0.5 to 0.9 and the range of equilibrium moisture content (0.3 to 0.70 g g -1
), and at water activity of 0.6 to 0.9 range and equilibrium moisture content from 0.2 to 0.4 g g -1
for the whole pepper. Table 5 shows the parameters calculated from the nonlinear regression of experimental data of equilibrium moisture content, for the GAB model in temperatures and forms studied.
From Figure 3 and Table 5 , the values of moisture in the monolayer (X m ) obtained by the GAB model ranged from 0.65 to 0.51 (g g It is noticed that the monolayer moisture for whole pepper is lower than for pepper in the paste form. Such behavior can be explained by the natural skin of the fruit, which is intended to prevent moisture loss, because otherwise, in the absence of this protection, the fruit could have a reduction in Acta Scientiarum. Technology Maringá, v. 37, n. 1, p. 123-131, Jan.-Mar., 2015 its moisture in low humidity environments (DAMODARAN et al., 2010) . The isosteric heat (Q ST ) or heat of sorption, was determined from the curves of isosteric sorption, which comprises all the natural logarithm of water activity, ln (a w ), for specific values of equilibrium moisture content as a function of reciprocal values of absolute temperature (K -1 ) for the desorption isotherms as shown in Figure 3A and Figure 3B . The value of the heat of desorption (Q ST ) for each moisture content corresponds to the coefficient of the slope, multiplied by the universal gas constant, R = 0.4618 kJ kg -1 K -1 , as described by the Clausius -Clapeyron equation. Table 6 shows the calculated values for the heat of desorption for 'bico' pepper and their respective equilibrium moisture content.
Heat of desorption (Q ST ) reduced with increasing moisture, in other words, the lower the moisture of the material during the desorption, the more energy is required to evaporate water connected to the structure of the biological material. According to Hubinger et al., (2009) , as the equilibrium moisture content decreases, the value of the isosteric heat increases, as well as the water retention capacity of the food, due to an increasing concentration of fats, proteins and salts in the aqueous phase of the food. The monomolecular layer is more strongly linked to the polar groups of these substances, called active sites, gradually forming rigid and highly ordered structures, which require more energy to be broken and release water molecules in the form of steam. However, during food processing, the availability of active sites decreases and the isosteric heat value approaches to that of water in the pure state.
Moreover, the amount of heat of desorption in the paste form of pepper at the equilibrium moisture content of 0.75 g g Table 7 . The isosteric heat tended to approach the value of latent heat of vaporization of free water (43.5 kJ kg -1 ) as the water content of the product increases, for both paste and whole pepper forms (Figure 4 ). According to Wang and Brennan (1991) , the isosteric heat approaching the value of the latent heat of vaporization of free water is an indicative of the presence of free water in the product. It is observed that the values of isosteric heat for the paste form of pepper were closer to the value of pure water, because the processing of the fruit caused the liberation of active sites and, therefore, of water molecules, thus decreasing the amount of energy required to evaporate a water molecule.
The processing of pepper, in paste or whole forms, influenced the values of equilibrium moisture content, as well as the values of isosteric heat of desorption. The pepper in the whole form requires much more energy than the paste form, which may be explained by the formation of a film on the outer peel of the dry product, due to differences between internal and external temperatures, hindering the heat transfer and concentrating all moisture within the fruit, thus requiring more energy for removing the moisture.
Conclusion
The isotherms of pepper variety 'bico', in paste and whole forms, show a sigmoidal shape, typical of fibrous foods with high initial moisture content. 
